New high strength in-situ bulk metallic glass (BMG) composite with enhanced plasticity was synthesized in Cu 50 Zr 47:5 Ti 2:5 alloy. The enhanced phase is the primary crystalline precipitate, ZrCu phase. The in-situ bulk metallic glass composite with a diameter of 1.5 mm was successfully fabricated by copper mold casting Cu 50 Zr 47:5 Ti 2:5 alloy. For the as-cast rod with a diameter of 1.5 mm, the compressive fracture strength and compressive fracture strain are 2.24 GPa and 10.5%, respectively. The precipitated ZrCu phase results in the formation of the large amount of shear bands in the whole specimen. This is the reason for the high plasticity of the in situ Cu 50 Zr 47:5 Ti 2:5 BMG composite with the mixed structure of the ZrCu phase dispersing in the BMG matrix.
Introduction
Bulk metallic glasses (BMGs) are known for their excellent glass-forming ability, high strength and high corrosion resistance. 1) However, plastic deformation in monolithic metallic glasses is concentrated into localized shear bands. As a result, bulk metallic glasses typically display limited plastic flow in compression (0-2%) and none in tension at room temperature. To improve ductility, many attempts have been developed to reinforce BMGs, either by particle reinforcement, 2, 3) fiber-reinforcement or in situ formation of ductile bcc-phase precipitates. [4] [5] [6] [7] [8] In particular, the in situ precipitated ductile phase can significantly improve the plasticity of BMGs. Hays et al. firstly developed a Zr-Ti-Nb-Cu-Ni-Be bulk metallic glass in-situ composite by coupling a high strength glassy phase with a ductile bccZr(Ti, Nb) dendrites. 6) Later, bulk metallic composites containing ductile -Zr(Ti, Nb) dendrites were also developed in Zr-Nb-Cu-Ni-Al alloys. 7, 8) Another similar composite is the BMG matrix reinforced by Ta-or Nb-rich solid solution. [9] [10] [11] As one of new BMG system developed recently, Cu-based BMGs exhibit high strength and lower price. 12, 13) It is an interesting work to research for Cu-based BMG composites with high strength and high ductility. Up to now, there is no report about Cu-based BMG composite containing in-situ ductile phases, except for the BMG composite reinforced by Ta-and Nb-rich solid solutions. 10, 11) It is impossible to precipitate a ductile phase in rich-Cu alloys. Recently, some interesting results were found in our work. During the study of glass-forming ability of ternary Cu-Zr-Ti alloys, we found that the ZrCu phase can easily precipitate from the Cu 50 Zr 47:5 
Experimental Procedure
An ingot of the Cu 50 Zr 47:5 Ti 2:5 alloy was prepared by arc melting on a water-cooled copper hearth under Ti-gettered argon atmosphere. The ingots were remelted in a quartz nozzle with a high-frequency furnace and injected into copper moulds with 1.5 mm and 2 mm in diameter and 50 mm long. In addition, ribbon sample was also prepared by melt spinning. The structure was examined by X-ray diffraction (XRD) with Cu radiation. Thermal stability was identified by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. Optical microscopy (OM) and transmission electron microscopy (TEM) were performed to examine the microstructures. The OM observation was made for the sample etched for 2 s at 298 K in a NaOH+H 2 O 2 +H 2 O solution (volume ratio: 3:2:5). Room-temperature compression tests were carried out with an MTS 810 mechanical testing system under a strain rate of 2 Â 10 À4 s À1 . Fracture surface were examined by scanning electron microscopy (SEM). Figure 1 shows the XRD patterns of the melt-spun sample and the as-cast Cu 50 Zr 47:5 Ti 2:5 rods with diameters of 1.5 mm and 2 mm. The XRD obtained from the melt-spun Cu 50 Zr 47:5 Ti 2:5 specimen shows a typical broad halo peak, characteristic of the amorphous phase. The XRD of the rod with a diameter of 1.5 mm also exhibits the broad amorphous hump within the sensitivity limit of XRD. The rod with a diameter of 2 mm shows an evidence of crystals precipitation; the precipitated phase is indexed as the monoclinic ZrCu phase. The result indicates that the ZrCu phase can easily precipitate from the melt, which lowers the glassforming ability of the Cu 50 Zr 47:5 Ti 2:5 alloy. Figure 2 shows the DSC curves of the melt-spun specimen and as-cast Cu 50 Zr 47:5 Ti 2:5 samples. The Cu 50 Zr 47:5 Ti 2:5 ribbon exhibits a clear endothermic heat event characteristic of the glass transition and two exothermic peaks ( Fig. 2(a) ).
Results
The glass transition temperature, T g , is about 660 K. The onset of the first exothermic crystallization event, T x1 , is about 720 K. The supercooled liquid region defined by the difference between T g and T x1 , ÁT x (¼ T g À T x1 ), is 60 K. For the as-cast Cu 50 Zr 47:5 Ti 2:5 rod with a diameter of 1.5 mm, the glass transition and crystallization onset temperatures are 668 K and 730 K, respectively, which are higher than that of the melt spun specimen, and ÁT x is 62 K. Moreover, the second crystallization peak disappears for as-cast Cu 50 Zr 47:5 Ti 2:5 rod with a diameter of 1.5 mm. Although the XRD cannot detect the precipitation of crystalline phases due to the low sensitivity of XRD, the results of the DSC indicate that the precipitation of the crystalline phase occurs in the as-cast Cu 50 Zr 47:5 Ti 2:5 rod with a diameter of 1.5 mm.
For the as-cast Cu 50 Zr 47:5 Ti 2:5 rod with a diameter of 2 mm, the DSC curves only display an exothermic peak with the onset temperature of 730 K, without evident glass transition temperature T g and the second crystallization peak. By comparing the exothermic heat flow released during crystallization of the bulk samples with that of the first peak of the as-quenched glassy ribbon, the volume fraction of glassy phase in as-cast rods can be estimated as about 55% for the rod with a diameter of 1.5 mm and 13% for the rod with a diameter of 2 mm. Figure 3 shows TEM image and selected-area electron diffraction pattern (SAED) of the as-cast Cu 50 Zr 47:5 Ti 2:5 rod with a diameter of 1.5 mm. TEM image shows the ZrCu phase with nano size homogeneously dispersed in the amorphous matrix. The size of the ZrCu phase is about 10-20 nm and interparticle spacing is about 20 nm. Figure 4 shows the as-cast microstructure of the as-cast Cu 50 Zr 47:5 Ti 2:5 rod with a diameter of 2 mm. The OM image exhibits that the sample mainly consists of the interlacing lathy ZrCu phase with a small amount of unetched phase. The TEM image is also shown in Fig. 4(b) . The unetched phase is a mixture of the amorphous phase and nanocrystalline phases. Figure 5 presents the stress-strain curves of the as-cast Cu 50 Zr 47:5 Ti 2:5 rods with diameters of 1.5 mm and 2 mm. For the as-cast rod with a diameter of 1.5 mm, the compressive fracture strength and compressive fracture strain are 2.24 GPa and 10.5%, respectively. Comparing the Cu-based BMG with the Cu 50 Zr 47:5 Ti 2:5 in situ BMG composite, the fracture strain improves obviously. This result indicates that the precipitation of ZrCu phase from the glassy Cu 50 Zr 47:5 Ti 2:5 alloy enhances the plasticity remarkably. For the as-cast Cu 50 Zr 47:5 Ti 2:5 rod with a diameter of 2 mm, the compressive fracture strength and compressive fracture strain are 1.9 GPa and 12.5%, respectively. However, Yielding occurs at about 0.46 GPa, work hardening is evident for the as-cast Cu 50 Zr 47:5 Ti 2:5 rod with a diameter of 2 mm. As shown in Fig. 4 , the matrix of the 2-mm rod is the interlacing lathy ZrCu phase. One possible reason for the low yield strength of the 2-mm rod is due to the low yield strength of the ZrCu phase. In addition, it might be expected that the yield strength of the rod is in proportion of the volume fraction of the glass phase. From above results, the yield strength and volume fraction of the glassy phase are about 1.9 GPa and 55% for the 1.5-mm rod, and about 0.46 GPa and 13% for the 2-mm rod, respectively. Moreover, the 13% glassy phase among the interlacing lathy ZrCu phase is assumed to be responsible for the evident work hardening of the 2-mm rod, which confines and resists the yielding of the ZrCu phase. Figure 6 shows SEM images of the fracture surface and tested specimen surface for the as-cast Cu 50 Zr 47:5 Ti 2:5 rod with a diameter of 1.5 mm. The fracture of the 1.5-mm rod occurs in a shear mode. The well-developed vein-like patterns were observed clearly, as shown in Fig. 6(a) , which originates from shear deformation of the glassy matrix. A large number of the shear bands developed at the surface of the specimen, reflecting the significantly improved plastic strain in the as-cast Cu 50 Zr 47:5 Ti 2:5 in situ BMG composite.
Discussion
In this study, a composite material consisting of ZrCu phase dispersed uniformly in the BMG matrix was successfully fabricated by copper mold casting Cu 50 Zr 47:5 Ti 2:5 alloy. According to the ternary Cu-Zr-Ti phase diagram, 14) there is a region, in which the primary precipitated phase is ZrCu phase. The Cu 50 Zr 47:5 Ti 2:5 alloy is just situated in this region. Since the Cu 50 Zr 47:5 Ti 2:5 alloy has no enough glass-forming ability to form bulk glassy sample, ZrCu phase precipitates firstly from the melt during solidification, while the remaining melt solidifies into the amorphous phase at lower temperature. However, the formation of the glass and of the monoclinic ZrCu phase in this alloy strongly depends on the actual cooling rate. Already small changes in cooling rate, e.g., the rods with larger diameters, lead to the formation of crystalline materials with a small amount of or no glassy phase. In addition, the as-cast Cu 50 Zr 47:5 Ti 2:5 rods with a diameter of 4 mm or larger lose the plasticity. This indicates that the ZrCu phase precipitated from the 1.5-mm and 2-mm rods is a kind of nonequlibrium phase, different from the precipitated phase in the rod with a larger diameter. The reason to the low yield strength of the ZrCu phase precipitated from the as-cast Cu 50 Zr 47:5 Ti 2:5 rods with a diameter of 2 mm is unknown, which will be investigated in the future work.
As it well known, the BMG composites containing a ductile phase exhibits high strength and high ductility. [4] [5] [6] [7] [8] [9] [10] [11] The improved ductility originates from the formation of multiple shear bands initiated at the interface between the ductile phase and BMG matrix. 6) Moreover, the ductile phases in the BMG matrix increase the resistance for the propagating of shear bands. 10) For the as-cast Cu 50 Zr 47:5 Ti 2:5 in situ BMG composite, a remarkable improvement in ductility is related with the low yield strength of ZrCu phase. As shown in Fig. 5 , the 2-mm rod with the ZrCu phase matrix exhibits much lower yield strength as compared with the glassy phase. Therefore, it is expected that the precipitated ZrCu phase in the 1.5-mm rod also exhibit low yield strength. Soft ZrCu phase embedded in the ''hard'' glassy phase acts to seed the initiation of shear bands, and absorbs, redistributes and stops the excessive localized deformation. 15) During the deformation of the composites, it is natural that the ZrCu phase yields firstly, then large amount of shear bands initiates at the interface between the ZrCu phase and BMG matrix. Appearance of the large amount of shear bands in the whole specimen results in the remarkable ductility of the as-cast Cu 50 Zr 47:5 Ti 2:5 in situ BMG composite.
Conclusion
New high strength in-situ Cu-based bulk metallic glass composite with enhanced plasticity was synthesized in Cu 50 Zr 47:5 Ti 2:5 alloy. The ZrCu phase precipitated from the as-cast rods with diameters of 1.5 mm or 2 mm exhibits a low yielding strength. The in-situ bulk metallic glass composite with a diameter of 1.5 mm was successfully fabricated by mold casting Cu 50 Zr 47:5 Ti 2:5 alloy. This composite exhibits compressive strength of 2.24 GPa and compressive fracture strain of 10.5%. The precipitated ZrCu phase results in the formation of the large amount of shear bands in the whole specimen. This is the reason for the high ductility of the in situ Cu 50 Zr 47:5 Ti 2:5 BMG composite with the mixed structure of the monoclinic ZrCu phase dispersing in the BMG matrix.
